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Abstract
A positive correlation exists between the pathogenicity of bacteria and fungi when evaluated in the insect Galleria mellonella and mice.
This work sought to determine whether fluctuations in the number of haemocytes and the proliferation of yeast cells in infected larvae could
be used to determine the relative pathogenicity of a range of yeast isolates. Larvae were inoculated with 1 × 106 stationary-phase yeast cells and
incubated in the dark at 30 °C for 48 h. The results indicated that larvae inoculated with the most pathogenic isolates (i.e. those capable of
killing >80% of infected larvae) showed a significant reduction in haemocyte density. Larvae inoculated with isolates of low pathogenicity (i.e.
capable of killing <20% of infected larvae) demonstrated only a small fluctuation in haemocyte numbers. The most pathogenic yeast isolates
proliferated in the larvae, whereas the isolates of low pathogenicity did not. These results demonstrate a relationship between the ability of
yeast isolates to kill larvae and changes in haemocyte density and yeast cell density in infected larvae. These end points may extend the
applicability of the G. mellonella system for use with a wider range of microbial isolates.
© 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction
Conventional assays for evaluating the relative pathoge-
nicity of microbial pathogens or mutants rely upon the use of
a range of vertebrate species. Recent work has demonstrated
that a strong correlation exists between the virulence of
pathogens when determined in insects and mice [1–3]. The
immune response of insects to pathogens shares a high de-
gree of homology with the innate immune response of mam-
mals [4–7], which plays a critical role in protecting the body
from infection [8,9]. To date, much attention has focused on
the use of larvae of Galleria mellonella (the greater wax
moth) for evaluating the pathogenicity of bacteria [2], fungi
[1,10] and nematodes [11]. The use of insects for this purpose
has many advantages over the conventional use of mammals,
including reduced costs and faster results [1,2].
The insect body cavity, or haemocoel, contains
haemolymph, which serves a function analogous to blood in
mammals in that it transports nutrients, waste products and
signal molecules, although it plays no role in respiration. In
addition, haemolymph contains cells (haemocytes) and anti-
microbial peptides capable of immobilising and killing in-
vading microorganisms [12,13]. The majority of haemocytes
circulate freely within the haemolymph, but a significant
number can be found associated with internal organs such as
the fat body, trachea or digestive system [14]. At least six
types of haemocytes have been identified in lepidopterous
(e.g.G. mellonella) [15] and are classified as prohaemocytes,
plasmatocytes, granulocytes (also known as granular cells),
coagulocytes, spherulocytes and oenocytoids [16]. The plas-
matocytes and granulocytes participate in phagocytosis, nod-
ule formation and encapsulation [17], which are important
elements of the insect’s cellular defence against bacteria and
unicellular fungi [18]. The insect immune response to micro-
organisms has been shown to involve a change in the circu-
lating haemocyte population and synthesis of new
haemolymph proteins [19].
The full potential of using insect larvae for evaluating
microbial pathogenicity has yet to be exploited. At present,
larval death is the end point chosen for use in in vivo patho-
genicity assays [1–3,10]. Some microbes of low pathogen-
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icity fail to kill larvae [1,10] but may still evoke a low-level
immune response, which may provide information on the
mechanisms employed by the insect to eradicate infection
and also allow a discrimination between pathogens of low
pathogenicity. The work presented here sought to establish
whether changes in the haemocyte density and fungal load in
infected larvae could be used as indicators of fungal patho-
genicity. These could have the potential to be used as end
points for pathogenicity assays and provide information on
the insect immune response to fungal pathogens.
2. Materials and methods
2.1. Yeast strains and culture conditions
The fungal strains used in this work are listed in Table 1.
Cultures were grown to the stationary phase (approximately
1 × 108/ml, typical viability 85–90%) overnight in 50 ml of
YEPD (2% (w/v) glucose (Sigma Aldrich Chemical Co.,
Dublin, Ireland), 2% (w/v) bactopeptone (Oxoid Ltd., Bas-
ingstoke, England) and 1% (w/v) yeast extract (Oxoid) in
100 ml conical flasks at 200 rpm in an orbital incubator at
30 °C. Stocks of cultures were maintained on YEPD agar
plates and subcultured every 4 weeks.
2.2. Insect larvae
Sixth instar larvae of G. mellonella (Lepidoptera: pyral-
idae, the greater wax moth) were obtained from the Meal-
worm Company (Sheffield, England) and stored in wood
shavings in the dark at 15 °C. Larvae weighing between
0.2 and 0.4 g were used in all experiments. Ten larvae were
randomly chosen for each assay, and all experiments were
performed on three independent occasions.
2.3. Inoculation of G. mellonella larvae
The cell density of stationary-phase cultures was ascer-
tained by haemocytometer count. Yeast cells were harvested
by centrifugation at 2000 × g in a Beckmann GC-6 centri-
fuge, washed and diluted in phosphate-buffered saline (PBS,
pH 7.2) to a density of 5 × 107/ml. Larvae were inoculated
with 1 × 106 cells/20 μl through the last pro-leg into the
haemocoel using a Myjector syringe (Terumo Europe, Leu-
ven, Belgium) and incubated at 30 °C for 48 h in the dark
[10]. Two sets of controls were employed in each assay. The
first consisted of larvae that were not exposed to yeast (un-
touched control) while the second control consisted of larvae
that were injected with 20 μl sterile PBS (PBS injected).
Larval death was determined by visual inspection (Fig. 1)
and by the lack of movement when stimulated.
Table 1
Yeast strains used in this study
Yeast strains Genotype/mutation Reference
C. albicans MEN Clinical isolate
C. albicans mmu11 Respiratory deficient C. albicans MEN [20]
C. albicans ATCC 44990 Ade–, thr– [10]
C. albicans ATCC 10231 Clinical isolate [10]
C. albicans cybrid 3 Mitochondrial transfer from 44990 to MMU11 [20]
C. albicans cybrid 26 Mitochondrial transfer from 44990 to MMU11 [20]
C. albicans cybrid 27 Mitochondrial transfer from 44990 to MMU11 [20]
C. albicans SC5314 Clinical isolate
C. albicans JKC 19 Dcph1/Dcph1 [21]
C. albicans CDH107 Dcaras1/Dcaras1 [22]
C. albicans CR216 Dcacdc35/Dcacdc35 [23]
C. glabrata NCPF4733 Clinical isolate [10]
C. parapsilosis NCPF3209 Clinical isolate [10]
C. dubliniensis CD36 Clinical isolate [25]
C. krusei NCPF7318 Clinical isolate [10]
C. tropicalis NCPF3109 Clinical isolate [10]
S. cerevisiae yjm128 Clinical isolate [24]
S. cerevisiae yjm128q Respiratory deficient S. cerevisiae yjm128
ATCC, American Type Culture Collection, Manasas, VA, USA; NCPF, National Collection of Pathogenic Fungi, Bristol, UK.
Fig. 1. Larvae of G. mellonella. (A) Control larvae, (B) larvae inoculated
with 1 × 106 C. albicans MEN and incubated for 48 h. Petri dish diameter is
8.5 cm.
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2.4. Determination of haemocyte density in G. mellonella
larvae
Haemocyte density was assessed by bleeding three larvae
per treatment into a pre-chilled test tube containing 4 mg
phenylthiourea (Sigma Aldrich) to prevent melanisation.
Haemocytes were diluted in PBS containing 0.37% (v/v)
mercaptoethanol (Sigma Aldrich), and their density was as-
certained by haemocytometer count. No attempt to discrimi-
nate between the different haemocyte subtypes was made.
2.5. Determination of fungal load in G. mellonella
Three inoculated larvae were homogenised in 3 ml of
sterile PBS. This was serially diluted with PBS, and 100-μl
aliquots of the resulting dilutions were plated on YEPD
plates containing erythromycin (1 mg/ml) (SigmaAldrich) to
prevent bacterial overgrowth. These plates were incubated at
30 °C for 48 h. The fungal load was calculated as the yeast
cell density per larva and was based on the number of colo-
nies that grew at specific dilutions.
2.6. Statistical analysis
All assays were performed on three independent occa-
sions. Results presented in Fig. 2 are the mean percentage
survival ± standard deviation. Statistical analysis of data was
performed using the Kruskal Wallis one-way ANOVA test
and the Student-Newman Keuls method (Sigma Stat Statisti-
cal Analysis Package Version 1.00 (SPSS Inc., Chicago, IL,
USA)). Values of P < 0.001 are considered statistically sig-
nificant.
3. Results
3.1. Determination of pathogenicity of yeast isolates in
larvae of G. mellonella
Previous work has established the suitability of larvae of
G. mellonella for detecting variations in the pathogenicity of
yeast strains [10] and mutants of Candida albicans [1], and a
positive correlation between the pathogenicity of mutants of
C. albicans in insects and mice has been established [1]. The
work presented here sought to determine the effect of a range
of yeast isolates of differing pathogenicities on the
haemocyte population and fungal loads of infected larvae.
Consequently, the ability of isolates used in this work to kill
G. mellonella larvae over a 48-h period was assessed. Larvae
were inoculated with yeast cells as described and incubated
at 30 °C for 48 h. The results (Fig. 2) demonstrate that the
17 yeast isolates employed here may be broadly differenti-
ated into three groups, based on larval survival after 48 h. The
most pathogenic group gives a larval survival rate of less than
40% and contains C. albicans 10231, JKC 19, MEN and
SC5314. The intermediate group contains four isolates, and
these give a larval survival rate of between 40% and 80%.
This group contains the wild-type isolates Candida tropica-
lis, Candida dubliniensis and Candida parapsilosis and C.
albicans CDH107. The third group contains the least patho-
genic isolates, which give a larval survival rate of greater than
80%. This group contains Candida krusei, Candida gla-
brata, C. albicans 44990 and cybrid 3, 26, 27 and MMU11.
Saccharomyces cerevisiae yjm128 and its respiratory-
deficient mutant are also in this group.
This result demonstrates that the isolates chosen for this
work are of differing pathogenicity and that by using G.
mellonella, they may be differentiated into three broad cat-
egories on the basis of their ability to kill larvae over a 48-h
period.
3.2. An examination of haemocyte density in G. mellonella
larvae infected with yeast isolates of differing
pathogenicity
Haemocytes represent the main element of the insect cel-
lular response to infection, and fluctuations in haemocyte
numbers have previously been shown to occur following
infection with a range of microorganisms [11,13]. The objec-
tive of this work was to determine whether changes in
haemocyte density in individual larvae could be correlated
with larval survival following inoculation. The existence of
such a correlation could give an indication of the insect
immune response to yeast infection, as well as providing an
additional end point for measuring the relative pathogenicity
of fungal isolates.
Larvae were inoculated as described, and haemocytes
were removed and quantified after 48 h incubation. Control
larvae had a mean haemocyte density of 9.67 × 106/larva
after 48 h incubation, whereas those infected with isolates of
high pathogenicity (e.g. C. albicans 10231 or MEN) showed
Fig. 2. Survival (%) ofG. mellonella larvae following inoculation with yeast
isolates after 48 h incubation.All values are themean ± standard deviation of
three independent determinations.
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a haemocyte density of approximately 1.6–3.2 × 106/larva
(Table 2). Larvae inoculated with isolates of low pathogenic-
ity (e.g. C. glabrata or C. albicans 44990) showed a smaller
decrease in haemocyte density than that observed in larvae
inoculated with isolates of high pathogenicity, while those
inoculated with S. cerevisiae 128 demonstrate an increase in
haemocyte numbers (Table 2).
A linear relationship appears to exist between the
haemocyte density in individual larva and the survival rate of
the larvae. Larvae inoculated with isolates of high pathoge-
nicity have a reduced haemocyte density, while those inocu-
lated with an isolate of low pathogenicity display only a
small variation in haemocyte density compared to uninfected
controls (Fig. 3).
3.3. Fungal load in infected G. mellonella larvae
The insect immune system is very effective in dealing
with invading pathogens [26], and for a pathogen to survive
and proliferate, it must overcome a rapid innate immune
response [8]. Experiments were performed to determine
whether fungal cells of pathogenic isolates proliferated in the
insect haemolymph and whether this proliferation could be
correlated with the ability to kill. Larvae were inoculated at a
density of 1 × 106 cells/larva as described, and the resulting
number of yeast cells per larva (termed the ‘fungal load’)
after 48 h incubation was evaluated by homogenising larvae
and plating out onmedium supplemented with erythromycin.
The results (Table 3) demonstrate that the most pathogenic
isolates proliferate upon inoculation and give the highest
yeast cell density per larva (3–8 × 107 cells), while isolates of
low pathogenicity (e.g. C. albicans cybrids 3, 26 and 27) fail
to proliferate significantly and, after 48 h incubation, have a
density substantially lower than the initial dose. The only
exceptions to this are C. albicans MMU11 and ATCC
44990 and C. krusei NCPF 7318, which show a small degree
of proliferation (Table 3).
This result indicates that a linear relationship exists be-
tween the ability of yeast isolates to kill larvae and the
resulting numbers of fungal cells per larva (Fig. 4). The most
pathogenic isolates proliferate to the greatest extent in the
larvae. This may indicate that they can avoid or tolerate the
immune response, which may retard the proliferation of
isolates of low pathogenicity.
Table 2
Fluctuations in haemocyte density in larvae inoculated with yeast isolates
Treatment Haemocyte density (106/larva)
Haemocyte at T = 0 Haemocyte of inoculated larvae at 48 h P value
C. albicans ATCC 10231 6.03 ± 0.87 1.60 ± 1.65 0.006*
C. albicans JKC 19 6.03 ± 0.87 3.20 ± 2.82 0.033*
C. albicans MEN 6.03 ± 0.87 3.13 ± 1.04 0.008*
C. albicans SC5314 6.03 ± 0.87 2.45 ± 0.76 0.005*
C. tropicalis NCPF3109 6.03 ± 0.87 2.60 ± 1.15 0.007*
C. albicans CDH107 6.03 ± 0.87 3.47 ± 1.26 0.012*
C. dubliniensis CD36 6.03 ± 0.87 5.70 ± 2.51 0.103
C. parapsilosis NCPF3209 6.03 ± 0.87 4.70 ± 1.65 0.032*
C. albicans mmu11 6.03 ± 0.87 6.93 ± 0.93 0.106
C. albicans cybrid 26 6.03 ± 0.87 7.53 ± 2.37 0.306
C. albicans cybrid 27 6.03 ± 0.87 5.70 ± 1.57 0.058
C. albicans cybrid 3 6.03 ± 0.87 4.60 ± 0.96 0.019*
C. krusei NCPF7318 6.03 ± 0.87 8.17 ± 2.25 0.445
C. glabrata NCPF4733 6.03 ± 0.87 6.10 ± 1.68 0.082
C. albicans ATCC 44990 6.03 ± 0.87 6.70 ± 2.12 0.159
S. cerevisiae yjm128 6.03 ± 0.87 9.60 ± 1.35 0.965
S. cerevisiae yjm128q 6.03 ± 0.87 11.67 ± 2.89 0.386
Untouched control 6.03 ± 0.87 9.67 ± 2.08 –
* Statistically significant using t-test. Values are compared with the haemocyte density in untouched larvae at 48 h.
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Fig. 3. Haemocyte density in G. mellonella larvae inoculated with yeast
isolates of differing pathogenicity (y = 0.0069x + 6.2136, R2 = 0.7857).
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An examination of the haemocyte density and fungal
loads of larvae inoculated with yeast isolates of different
pathogenicities demonstrates that a high haemocyte density
is associated with a low fungal load (Fig. 5), and a high
fungal load is found in larvae with a relatively low haemocyte
density.
4. Discussion
Larvae of G. mellonella have been used to evaluate the
relative pathogenicity of yeast species [10], and a correlation
between the pathogenicity ofC. albicansmutants inGalleria
and mice has been established [1]. The ability of G. mel-
lonella larvae to detect differences in the pathogenicity of
lipopolysaccharide-deficient mutants of Pseudomonas
aeruginosa has also been demonstrated [27], and a strong
correlation between the virulence of P. aeruginosa in Galle-
ria larvae and in mice has been demonstrated [2]. Larvae of
G. mellonella have been used to assess the virulence of
Bacillus thuringiensis and Bacillus cereus, and a good agree-
ment between the results obtained in insects and mice has
been established [3]. The survival of larvae following inocu-
lation withmicrobes has been used as the sole end point for in
vivo pathogenicity assays. In the work presented here we
sought to establish whether parameters such as changes in
haemocyte density or fungal load could be used as indicators
of fungal pathogenicity. Monitoring of these parameters
could also offer an insight into the immune response of
G. mellonella larvae to fungal pathogens.
Table 3
Variations in fungal load in larvae inoculated with yeast isolates
Treatment Fungal load (106/larva)
Initial inoculum 48 h (× 106) P value
C. albicans ATCC 10231 1 × 106 80.82 ± 13.64 <0.001 *
C. albicans JKC 19 1 × 106 34.15 ± 17.52 0.031*
C. albicans MEN 1 × 106 35.50 ± 13.60 0.012*
C. albicans SC5314 1 × 106 50.52 ± 20.40 0.014*
C. tropicalis NCPF3109 1 × 106 66.80 ± 4.60 <0.001 *
C. albicans CDH107 1 × 106 5.30 ± 4.81 0.196
C. dubliniensis CD36 1 × 106 36.47 ± 11.54 0.006*
C. parapsilosis NCPF3209 1 × 106 36.57 ± 3.86 <0.001 *
C. albicans mmu11 1 × 106 3.01 ± 3.33 0.356
C. albicans cybrid 26 1 × 106 0.05 ± 0.00 <0.001 *
C. albicans cybrid 27 1 × 106 0.05 ± 0.05 <0.001 *
C. albicans cybrid 3 1 × 106 0.55 ± 0.82 0.397
C. krusei NCPF7318 1 × 106 1.32 ± 0.03 <0.001 *
C. glabrata NCPF4733 1 × 106 0.10 ± 0.05 <0.001 *
C. albicans ATCC 44990 1 × 106 5.65 ± 9.53 0.445
S. cerevisiae yjm128 1 × 106 0.22 ± 0.06 <0.001 *
S. cerevisiae yjm128 petite 1 × 106 0.12 ± 0.06 <0.001 *
* Statistically significant using t-test. Values are compared with initial fungal load (1 × 106).
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Fig. 5. Relationship between yeast cell density and haemocyte density in
inoculated G. mellonella larvae (y = –3.839x + 32.172, R2 = 0.5619).
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Fig. 4. Yeast cell density in G. mellonella larvae inoculated with yeast
isolates of differing pathogenicity (y = −0.0276x + 8.3485, R2 = 0.5188).
1393D. Bergin et al. / Microbes and Infection 5 (2003) 1389–1395
In vivo pathogenicity assays using G. mellonella larvae
demonstrated that the yeast isolates used in this study could
be differentiated into three broad categories based on their
ability to kill larvae after 48 h incubation. The most patho-
genic isolates produced a survival rate of less than 40% after
48 h incubation, whereas the least pathogenic isolates gave a
larval survival rate of in excess of 80% over the same time
frame.
Fluctuations in the haemocyte density of larvae were ex-
amined, since haemocyte numbers have been shown to vary
in insects infected withmicroorganisms [11,13] Examination
of changes in haemocyte density in larvae inoculated with the
different isolates used in this study indicate that a low sur-
vival rate is correlated with a reduced haemocyte density,
whereas a high survival rate is correlated with a haemocyte
density close to that of control larvae. Changes in haemocyte
density following microbial challenge have been observed
previously. In the case of G. mellonella infected with Stiner-
ema nematodes, there is a decrease in haemocyte numbers in
the first 4 h followed by a gradual increase over the next 12 h
to 160% of the control. Subsequently, numbers decline to less
than 5% of the control haemocyte density, which is associ-
ated with the death of the larvae [11]. The initial decline in
haemocyte numbers has been attributed to the formation of
clumps consisting of haemocytes and invading microbes
[28]. The subsequent rise in their numbers is thought to be
due to the release of haemocytes bound to internal organs.
Analysis of the fungal load of larvae inoculated with 1 ×
106 yeast cells indicates a high survival rate in cases where
there is little or no yeast proliferation, while a low survival
rate is associated with extensive yeast proliferation.
Haemocytes represent one element of the insect immune
response to infection and counter the entry of microbial
pathogens by phagocytosis or encapsulation [26]. It is pos-
sible that those strains that proliferate to the greatest extent in
the larvae are capable of evading neutralisation by the
haemocyte population and subsequently replicate. In addi-
tion to cells of the immune system, the insect haemolymph
also contains trehalose, which may represent a nutrient
source for the growth of yeast cells that survive the initial
immune response [29].
Da Silva et al. [30] noted that a reduction in the number of
C. albicans in the haemolymph of Culex quinquefasciatus
(mosquito) and a concomitant rise in the haemocyte density
was indicative of an effective cellular immune response. In
the work presented here, an effective immune response is
apparent following inoculation of larvae with yeast isolates
of low pathogenicity, whereas isolates of high pathogenicity
overcome the cellular response, leading to a decline in
haemocyte numbers and an increase in yeast cells in the
haemolymph.
A correlation exists between larval survival and changes
in haemocyte density and fungal load (Figs. 3–5). Yeast
isolates of high pathogenicity can be identified by a low
haemocyte density (1.6–3.2 × 106/larva) and a high fungal
load (3–8 × 107/larva) in infected larvae. Isolates of low
pathogenicity are identifiable by a high haemocyte density
(up to 1 × 107/larva) and fungal load similar to or less than the
original inoculum dose. This demonstrates that yeast isolates
capable of killing larvae proliferate in the haemolymph and
lead to a reduction in the number of haemocytes. Given the
correlation between changes in haemocyte density and fun-
gal load and pathogenicity, it may be possible to use these
parameters as end points in assays using G. mellonella to
evaluate fungal pathogenicity.
The insect immune system displays a high degree of
structural and functional homology with the innate immune
response of mammals [8,9,31]. Consequently it has proven
possible to establish a correlation between the pathogenicity
of bacteria and fungi in G. mellonella larvae and mice [1,2].
The use of insects in place of mammals for routine testing of
microbial pathogens (or their mutants) would reduce cost,
labour and the need to use the same number of mammals as
used at present. It has been demonstrated previously that
larval death can be employed as an end point for this type of
assay [1–3,10,11,13]. The work presented here demonstrates
two further end points that may extend the applicability of the
G. mellonella model system.
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